Background/Aims: To investigate the regulation of LaCl 3 on lipopolysaccharides (LPS)-induced pro-inflammatory cytokines and adhesion molecules in human umbilical vein endothelial cells (HUVECs). Methods: Primary cultured HUVECs were pretreated with 2.5 μM LaCl 3 for 30 min followed by 1 μg/ml LPS for 2 h. Pro-inflammatory cytokine and adhesion molecule expressions were determined by real-time RT-PCR and ELISA. NF-κB/p65 nuclear translocation was examined by immunofluorescence and immuno-blot, and its DNA-binding activity was measured by chemiluminescence. Recruitment of NF-κB/p65, Jmjd3, and H3K27me3 to gene promoter regions was determined by ChIP-qPCR. Results: LaCl 3 exhibited no cytotoxic effects to primary HUVECs at concentrations ≤ 50 μM. LPS-mediated TNF-α, IL-1β, IL-6, MMP-9, and ICAM-1 production, nuclear translocation, and DNA-binding activity of NF-κB/p65, as well as Jmjd3 expression, were all reduced significantly by LaCl 3 . Furthermore, LaCl 3 treatment significantly impaired LPS-induced enrichment of NF-κB/p65 to the promoter regions of TNF-α, ; and of Jmjd3 to the promoter regions of TNF-α, . H3K27me3 abundance in the promoter regions of TNF-α and ICAM-1 increased significantly in following LaCl 3 treatment. Conclusion: LaCl 3 inhibits proinflammatory cytokine and adhesion molecule expressions induced by LPS in HUVECs. NF-κB and histone demethylase Jmjd3 are involved in this effect.
Introduction
Vascular inflammation plays important roles in various diseases including cardiovascular diseases and diabetes [1] [2] [3] . It is well-established that pro-inflammatory cytokines and adhesion molecules contribute to these diseases. For example, tumor necrosis factor (TNF)-α and interleukin (IL)-6 are up-regulated in inflammatory states associated with obesity and diabetic metabolic disturbances, participating in damage to organs and cells were identified by typical phase contrast 'cobblestone' morphology and by immunofluorescence to factor VIII antigen.
Treatments
According to our previous studies [26, 31] , HUVECs were incubated with LPS (1 μg/ml, from Escherichia coli; serotype 055:B5; Sigma, St Louis, MO, USA) to promote the activation of NF-κB. We found in the preexperiments that the activation of NF-κB in HUVECs peaks at 2 h. Therefore, HUVECs were incubated with 1 μg/ml LPS for 2 h to detect NF-κB/p65 DNA-binding activity.
To determine the cytotoxicity of lanthanum on HUVECs, the cells were treated with 0, 2.5, 5, 25, 50, 100, and 200 μM of LaCl 3 (LaCl 3 ·7H 2 O, purity: 99.9%; Sigma, St Louis, MO, USA) for 24 h. To estimate the effects of lanthanum on NF-κB/p65, Jmjd3, and H3K27 methylation status in LPS-induced HUVECs, the cells were divided into four groups: LPS group (incubated with 1 μg/ml of LPS), LaCl 3 group (incubated with 2.5 μM of LaCl 3 ), LaCl 3 + LPS group (pretreated with 2.5 μM of LaCl 3 for 0.5 h, washed with PBS to remove LaCl 3 , and then treated with 1 μg/ml of LPS), and control group (cultured with ECM only).
Cell viability
Cell viability assay was estimated using the 3-(4, 5-dimethylthiazol-2-yl) -2, 5-diphenyltetrazolium bromide (MTT) assay [34] .
Immunofluorescence
HUVECs seeded in 24-well cell culture cluster with glass slide were fixed with freshly prepared 3.7% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min and permeablized with 0.5% Triton X-100 at room temperature. Non-specific binding was reduced by blocking the cells with freshly prepared 1% bovine serum albumin (BSA) in PBS for 1 h at room temperature. Then, the cells were incubated with goat anti-factor VIII antibody (1:1000; Abcam, Cambridge, MA, USA) or anti-NF-κB/p65 antibody (1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA), washed, and incubated with FITC (fluorescein isothiocyanate)-conjugated secondary antibody (Sigma, St Louis, MO, USA). Nuclear staining was completed by DAPI (4', 6-diamidino-2-phenylindole; Sigma, St Louis, MO, USA) staining. The localization and expression of factor VIII and NF-κB/p65 were visualized using a fluorescence microscope (IX71; Olympus, Tokyo, Japan).
Preparation of total protein extracts and of cytosolic and nuclear fractions
RIPA buffer containing protease and phosphatase inhibitors (Beyotime Institute of Biotechnology, Haimen, China) was used to obtain total protein extracts. The nuclear and cytoplasmic fractions were obtained using the NE-PER ® Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer's instructions. The protein concentration was determined by a protein assay reagent (Bio-Rad, Hercules, CA, USA). All extracts were stored in aliquots at -80°C until use.
Western blot
The HUVECs were processed for western blotting [31] . Total, nuclear, and cytoplasmic extracts (30 μg of protein per lane) were separated by SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) and transferred onto polyvinylidene fluoride (PVDF) membranes. The bands were detected with rabbit anti-Jmjd3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-IκBα (Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-NF-κB/p65 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-H3K27me3 antibody (Abcam, Cambridge, MA, USA), and rabbit anti-H3K27me2 antibody (Abcam, Cambridge, MA, USA). Rabbit anti-GAPDH primary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and Rabbit anti-Lamin B1 (Boster, WuHan, China) were used as reference for total protein and nuclear protein, respectively. The chemiluminescence substrate solution (Pierce, Dallas, TX, USA) was incubated for 5 min. 
Quantitative polymerase chain reaction (RT-qPCR)
Total RNA was extracted using TRIZOL (Invitrogen, Carlsbad, CA, USA) from treated HUVECs and quantified by spectrophotometry. RT-qPCR was carried out using a first strand cDNA synthesis kit (Promega, Madison, WI, USA) and SYBR GreenER TM qPCR SuperMix for ABI PRISM ® systems (Invitrogen Inc., Carlsbad, CA, USA). All reactions involved initial denaturation at 95°C for 2 min followed by 40 cycles of 95°C for 25 s and 55°C for 45 s. The relative amount of each gene was normalized to the housekeeping gene GAPDH.
Relative quantity values were analyzed using the 2 -ΔΔCt method, which reflects the difference in threshold for each target gene relative to that of control group. The primer sequences are listed in Table 1 .
Enzyme-linked immunosorbent assay
ELISA was performed according to the manufacturer's protocol (RayBiotech, Inc., Norcross, GA, USA) for the following pro-inflammatory cytokines and adhesion molecules in the cell culture supernatants: TNF-α, IL-1β, IL-6, MMP-9, and ICAM-1. Optical density was measured at 450 nm using a FLUOstar OPTIMA microplate reader (BMG LABTECH GmbH, Ortenberg, Germany). 
Chromatin immunoprecipitation and quantitative PCR assay
To quantify the abundance of NF-κB/p65, Jmjd3, and H3K27me3 in the promoter regions of the target genes, chromatin immunoprecipitation was performed using a ChIP assay kit (Millipore corp., Billerica, MA, USA). HUVECs were crosslinked with 1% formaldehyde, washed, and re-suspended in SDS lysis buffer. Nuclei were fragmented by sonication. Chromatin fractions were cleared with protein A-agarose beads followed by immunoprecipitation overnight with anti-H3K27me3 antibody (Abcam, Cambridge, MA, USA), anti-Jmjd3 antibody (Abcam, Cambridge, MA, USA), anti-NF-κB/p65 antibody (Abcam, Cambridge, MA, USA), or with control IgG accordingly (Rabbit IgG-ChIP Grade (Abcam, ab171870) for Jmjd3, H3K4me3 and NF-KB; Mouse IgG1 (ab 81032) for H3K27me3). Crosslinking was reversed, followed by proteinase K digestion. Amplifications of the immunoprecipitated DNA were performed by real-time PCR. All reactions were performed in triplicate in a final volume of 25 μl. The primer sequences are shown in Table 2 . Data was presented as the amount of DNA recovered by specific antibodies relative to DNA enriched by the appropriate IgG controls.
Results

LaCl 3 did not exhibit cytotoxic effect on HUVECs
We successfully isolated HUVECs from human umbilical cords and the cells were identified by the typical "cobblestone" morphology ( Fig. 1A) and by immunofluorescence to factor VIII antigen (Fig. 1B) . To observe the effect of LaCl 3 on the viability of HUVECs, the cells were incubated with 0, 2.5, 5, 25, 50, 100, and 200 μM of LaCl 3 for 24 h. The MTT assay suggested that LaCl 3 exhibited no cytotoxic effect at concentrations of 0, 2.5, 5, 25, and 50 μM (Fig. 1C) .
LaCl 3 inhibited LPS-induced nuclear translocation and DNA-binding activity of NF-κB/p65 in HUVECs
Knowing that NF-κB/p65 signaling is essential in the processes of LPS-mediated inflammatory response [35] , translocation of NF-κB/p65 from the cytosol to the nuclei was observed in the LPS group, but not in the LaCl 3 +LPS and LaCl 3 groups ( Fig. 2A ), in agreement with the western blot assay of p65 in the nuclear fractions (Fig. 2B) . As the NF-κB/p65 localization is tightly regulated by IκB [36] , we further tested IκBα levels by western blot. The results showed that LPS induced the decrease of IκBα and that the IκBα levels were also decreased in the LaCl 3 +LPS group, suggesting that the effects of LaCl 3 on the translocation of NF-κB/p65 was not through inhibiting the degradation of IκBα in HUVECs induced by LPS (Fig. 2B) .
We next sought to determine the DNA-binding activity of p65 from the nuclei extracts. NF-κB/p65 DNA-binding activity was found to increase significantly in the LPS group but not in the other groups, indicating that the LPS-induced DNA-binding activity of p65 can be inhibited by LaCl 3 (Fig. 2C) . Cell
LaCl 3 blocked LPS-induced mRNA expressions and secretion of pro-inflammatory cytokines and adhesion molecules in HUVECs
As shown in Fig. 3A , LPS treatment induced significantly higher mRNA levels of TNF-α, IL-1β, IL-6, ICAM-1, and MMP-9 (all P < 0.05 vs. control group). Pretreatment with LaCl 3 reduced the LPS effects on TNF-α, IL-1β, IL-6, and MMP-9 expression, but promoted COX-2 gene expression (all P < 0.05 vs. the LPS group). Thus, COX-2 was not further studied. LaCl 3 treatment alone had no effects on the mRNA levels of TNF-α, IL-1β, IL-6, ICAM-1, and MMP-9.
Then, we further observed the secretion of TNF-α, IL-1β, IL-6, ICAM-1, and MMP-9 in cell culture supernatant. Consistent with the RT-qPCR results, LPS stimulation caused a sharp increase in the production of TNF-α, IL-1β, IL-6, ICAM-1, and MMP-9 compared with the control group (all P < 0.001). The results indicated that LaCl 3 pretreatment inhibited LPSinduced increase in TNF-α, IL-1β, IL-6, ICAM-1, and MMP-9 levels, while LaCl 3 treatment alone did not alter the secretion of TNF-α, IL-1β, IL-6, ICAM-1, and MMP-9 in cell culture supernatant (Fig. 3B) .
LPS-induced recruitment of NF-κB/p65 to the gene promoter regions of pro-inflammatory cytokines and adhesion molecules was affected by the treatment of LaCl 3 in HUVECs
Using NF-κB/p65 ChIP-qPCR analysis, we found that the recruitment of NF-κB/p65 to the gene promoter region of MMP-9 and IL-6 (both P < 0.001), TNF-α and ICAM-1 (both P < 0.01), and IL-1β (P < 0.05) was increased in the LPS group compared with the control group (Fig. 4) . The NF-κB/p65 recruitment to the above gene promoters was lower in the LPS + LaCl 3 group compared with the LPS group (all P < 0.001). Compared with the control group, the accumulation of NF-κB/p65 of the LaCl 3 group was up-regulated in the gene promoter region of TNF-α and ICAM-1 (both P < 0.05). Meanwhile, the accumulation in MMP-9, IL-6, and IL-1β gene promoter regions was decreased compared with the LPS group (all P < 0.05) (Fig. 4) . These results suggest that LaCl 3 can block LPS-induced NF-κB/p65 recruitment in pro-inflammatory cytokine and adhesion molecule genes' promoter, while LaCl 3 alone had various effects on the recruitment of NF-κB/p65 to each pro-inflammatory gene promoter. 
Effects of LaCl 3 on LPS induction of Jmjd3 gene expression and recruitment of Jmjd3 to the gene promoter regions of the pro-inflammatory cytokines and adhesion molecules in HUVECs
Jmjd3 mRNA expression was induced by LPS treatment and the effect was significantly blocked by LaCl 3 (both P < 0.001). Jmjd3 expression in the LaCl 3 group changed little compared with the control group (P > 0.05) (Fig. 5A ). Jmjd3 protein expression was consistent with the results from real-time RT-PCR (Fig. 5B) . Then we looked into the recruitment of Jmjd3 to the promoter regions of TNF-α, MMP-9, IL-6, IL-1β, and ICAM-1 (Fig. 5C ). We found that in the LPS group, the enrichment of Jmjd3 to the TNF-α and MMP-9 (both P < 0.001) gene promoters were increased compared with the control group. LaCl 3 treatment blocked the LPS-induced enrichment of Jmjd3 to the promoter region of TNF-α, MMP-9, and IL-6 (all P < 0.001), and IL-1β (P < 0.05). However, in the promoter region of ICAM-1, LaCl 3 treatment increased the enrichment of Jmjd3 (P < 0.05). Surprisingly, we found that in the LaCl 3 group the recruitment of Jmjd3 to the TNF-α, IL-6, and ICAM-1 promoter regions increased significantly.
Methylation status, as shown by H3K27me3, at the gene promoter regions of proinflammatory cytokines and adhesion molecules is altered by LPS and/or LaCl 3
H3K27me3, the substrate of Jmjd3, is demethylated into H3K27me2/H3K27me to enable or enhance transcriptional activation [18] . By ChIP-qPCR, we found that LaCl 3 lead to higher H3K27me3 levels at the promoter region of TNF-α (P < 0.01) and ICAM-1 (P < 0.001), but lower H3K27me3 at the promoter region of MMP-9 compared with the control group (P < 0.001). On the other hand, LPS treatment resulted in lower H3K27me3 levels at the promoter region of MMP-9, IL-1β and IL-6 compared with the control group (all P < 0.001). When the cells were treated with LPS and LaCl 3 , the H3K27me3 levels were a little higher than that of the LPS group but still lower than that of the control group. For MMP-9, IL-6, and IL-1β promoter regions, H3K27me3 levels in the cells treated with LPS and LaCl 3 were significantly lower than that of the control group (P < 0.01) (Fig. 6) . Data are shown as mean ± SEM from three independent experiments preformed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. the LPS group. Fig. 4 . LaCl 3 attenuated LPS-induced recruitment of NF-κB/p65 in the gene promoter regions of pro-inflammatory cytokines and adhesion molecules in HUVECs. Endothelial cells were pretreated with 2.5 μM of LaCl 3 for 30 min followed by treatment in fresh medium with 1 μg/ml of LPS for 2 h. Recruitment of NF-κB/ p65 in the gene promoter regions of pro-inflammatory cytokines and adhesion molecules were determined by ChIP-qPCR. Data are shown as mean ± SEM from three independent experiments preformed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the control group; #P < 0.05, ###P < 0.001 vs. the LPS group. gene transcription [39] . Based on our previous studies of the effects of lanthanum on NF-κB signaling in macrophages [26, 31] and the findings that exposure to metals affects the epigenome via histone modifying enzymes [40, 41] , we postulated that Jmjd3 and NF-κB could be potential targets being affected by lanthanum ions in endothelium cells.
In the present study, the results strongly suggest that LaCl 3 significantly attenuates LPSmediated induction of TNF-α, IL-1β, IL-6, ICAM-1, and MMP-9, and that this LaCl 3 -induced attenuation is mediated through blocking p65 translocation to the nucleus, as supported by previous studies from our group [26, 31] . Furthermore, Jmjd3 expression was induced by LPS treatment and the effect was significantly blocked by LaCl 3 . This LaCl 3 -induced attenuation was mediated through the blocking of the enrichment of NF-κB/p65 and Jmjd3 at the gene promoter regions of TNF-α, MMP-9, IL-1β, and IL-6. These findings suggest new insights in the role of lanthanum ions on the regulation of the NF-κB-Jmjd3 pathway.
The effects of Jmjd3 on inflammatory gene expressions are reported to be independent of its H3K27me3 demethylase activity [42] . Although the LPS-induced decrease of H3K27me3 level was found in target gene (TNF-α, MMP-9, IL-6, and IL-1β) promoter regions of HUVECs treated with both LaCl 3 and LPS, the abovementioned gene expression remains blocked in the present study. When considering the effects of LaCl 3 alone on these genes individually, H3K27me3 level in the promoter regions of TNF-α and ICAM-1 were higher than in controls, while H3K27me3 was downregulated in MMP-9 and did not show any change in IL-1β and IL-6. These results suggest that in addition to H3K27me3 demethylase activity, lanthanum might alter other Jmjd3 functions. Additional studies are necessary to examine the effects of LaCl 3 on the regulation of inflammatory cytokines and adhesion molecules. Indeed, only a small panel of factors was examined.
Lanthanum has potential applications in medicine [22] . It is documented that treatment with La 3+ enhances the capacity of the reactive oxygen species scavenging system [43] , affects the Fe 2+ and Fe 3+ electron-transfer process in ferritin [44] , and restrains the formation of hydroxyl radical, thereby alleviating the oxidative damage induced by PEG stress [44] . The activities of superoxide dismutase, catalase, ascorbate peroxidase, monodehydroascorbate reductase, dehydroascorbate reductase, glutathione reductase, and peroxidase were significantly increased after La 3+ treatment [44, 45] . Fe 2+ and α-ketoglutarate are required as cofactors of the demethylase family, which catalyzes the removal of methylation by a hydroxylation reaction and requires iron and α-ketoglutarate as cofactors [46] . Therefore, it could be hypothesized that the lanthanum ion could change the structure of demethylases, enhance their binding to histones, and suppress their activity. However, histone methylation and demethylation regulation mechanisms are far beyond the demethylase activity of Jmjd3 for 30 min followed by treatment in fresh medium with 1 μg/ml of LPS for 2 h. H3K27me3 in the gene promoter regions of pro-inflammatory cytokines and adhesion molecules was detected by ChIP-qPCR. Data are shown as mean ± SEM from three independent experiments preformed in triplicate. **P < 0.01, ***P < 0.001 vs. the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. the LPS group. alone, and further comprehensive studies are needed to grasp the exact effects of lanthanum on epigenetics.
In conclusion, LaCl 3 inhibited the activation of NF-κB and its downstream proinflammatory cytokines and adhesion molecules induced by LPS in HUVECs. These effects involved the histone demethylase Jmjd3 and demethylation of H3K27me3. These results suggest that lanthanum may have therapeutic benefits against atherosclerosis, diabetic complications, and other vascular inflammatory diseases, but additional studies are necessary.
